Large organisms have higher metabolic rates than small organisms but, if we compare their relative metabolic rates (i.e. per gram of tissue), this relationship is very often reversed. The pervasiveness of this phenomenon, called metabolic scaling, has attracted several theoretical explanations, and also produced lingering debate over whether metabolic scaling is a physically constrained and universally constant phenomenon or a more variable and evolutionarily malleable trait. To bring novel insights to this debate, we manipulated male Gryllodes sigillatus crickets' coefficients of inbreeding to determine whether metabolic scaling is sensitive to the manipulation of genetic quality. Because inbreeding depression is inversely related to past selection, our results indicate that selection has favoured an overall lower metabolic rate and a less steep slope of metabolic scaling. Altered metabolic scaling as a result of inbreeding was found to be caused by increased variation in metabolic rate, suggesting the existence of balancing selection towards intermediate metabolic rates. Although we found effects of inbreeding on metabolic scaling, much of the relationship between body mass and metabolic rate remained unexplained, leaving plenty of room for speculation concerning the fixed constraints that might affect evolutionary trajectories.
INTRODUCTION
In absolute terms, larger organisms have higher metabolic rates. However, larger individuals and species often have a lower metabolic rate relative to body mass than smaller ones. This old and ubiquitous observation and its theoretical explanations (Kleibler, 1932; West, Brown & Enquist, 1997; Glazier, 2005) have led to the conclusion of a universal law in ecology; a law that claims to explain no less than biological phenomena from the flux of chemicals to biodiversity and from molecular evolution to population dynamics (Gillooly et al., 2001; Whitfield, 2004) . Increased energy use with increasing body size (i.e. metabolic scaling) is most often described by a power function between body mass (M) and metabolic rate (R):
where, a is the intercept and b is the scaling exponent. There has been passionate debate (Whitfield, 2004 ) regarding whether the expected scaling exponent should be 2/3, 3/4, 1, or variable according to particular life histories, and also regarding the mechanism leading to any particular scaling (Darveau et al., 2002; Bokma, 2004; Glazier, 2005; Reich et al., 2006; O'Connor et al., 2007; Kolokotrones et al., 2010) . Some of the suggested candidate mechanisms include surface to volume ratio (b = 2/3), minimization of transport costs in circulatory systems (b = 2/3-3/4), and constant metabolic maintenance of body tissue per unit of mass (b = 1) (Hochachka & Somero, 2002; Agutter & Wheatley, 2004; Glazier, 2005; Banavar et al., 2010; Dodds, 2010) . These mechanisms are assumed to lead to a certain metabolic rate with increasing body mass. On the other hand, metabolic scaling has also been suggested to be a result of selection on body mass, or maximization of whole body performance (Kozłowski & Weiner, 1997; Purvis & Harvey, 1997) , and thus a result of natural selection on species ecologies. Interestingly, this debate is already showing signs of a struggle between two schools of thought: mostly physicists and mathematicians espouse theories derived from physical first principles and physiological mechanisms, whereas many biologists fiercely oppose these views (Hochachka & Somero, 2002; Agutter & Wheatley, 2004; Glazier, 2005) .
However, this polarized debate might settle with the current paradigm shift in evolutionary biology acknowledging that evolution can be bound by constraints such that not all trait combinations are possible: 'Recognition of constraints (sensu lato) is one of the most profound and important sifts in the views of evolutionary biologists, comparable to acceptance of non-Darwinian neutral evolution' (Futuyma 2010 ; see also, Gould & Lewontin, 1979) . Indeed, a recent focus on multivariate rather than single trait evolution has shown that organisms may be constrained to evolve into certain directions as a result of a lack of genetic variation in the direction of selection (Blows, 2007) , with perhaps the simplest explanation being a preexisting physical or physiological constraint (Blows & Hoffmann, 2005) .
Although the current debate mostly concerns interspecific metabolic scaling (Agutter & Wheatley, 2004) , the evolutionary background of metabolic scaling can only be resolved by studying this phenomenon within species. From an evolutionary point of view, this is the only logical starting point because natural selection acts on individuals within species. What needs to be done is to explore selection on the metabolic rate and body mass and to resolve whether there is directional selection on high or low metabolic rate (Hayes & Connor, 1999; Jackson, Trayhurn & Speakman, 2001; Artacho & Nespolo, 2009; Boratynski & Koteja, 2009; Piiroinen et al., 2011) . Unfortunately, deducing the evolution of metabolic scaling from the available data is not feasible because there is a lack of studies investigating whether metabolic rate and body mass might be under balancing or disruptive selection or, indeed, if metabolic rate is a correlated response to selection on body mass or vice versa; but see also Piiroinen et al. (2011) . Determining the magnitude of correlative selection is needed as selection can act on trait combinations rather than independent traits (Phillips & Arnold, 1989; Blows & Brooks, 2003; Blows, 2007) .
In the case of metabolic scaling, the consideration of balancing, disruptive and/or correlative selection is especially important because they may alter trait variances and covariances (Levins, 1968; Falconer & Mackay, 1996) and therefore can play a strong role in modifying the metabolic scaling. This is because metabolic scaling is a function of trait variances and covariance and, thus, the only way selection can change metabolic scaling is by influencing variation in body mass or metabolic rate or by changing their covariance. This means that, although it is often considered a species-or population-level phenomenon, and as such not as a target of selection, metabolic scaling can result from nonlinear selection affecting trait variances and covariances.
In the present study, we report a quantitative genetic experiment manipulating the genetic architecture of individuals and offer insights into the debate concerning whether metabolic scaling is under selection and an evolutionarily malleable trait or whether it is constrained. Furthermore, we resolve how metabolic scaling might have evolved by quantifying the strength and mode of selection on metabolic rate and body mass. However, instead of measuring the strength of selection on some more or less arbitrary fitness proxy over a short period of time (Hunt & Hodgson, 2010) , we rely on the principle that fitness related traits are characterized by high sensitivity to inbreeding, caused by loss of heterozygotes and as a result of the revelation of recessive deleterious alleles (Fisher, 1930; DeRose & Roff, 1999) . By manipulating genetic quality through inbreeding, the recessive alleles are revealed and the phenotypic changes can unambiguously be linked to high and low quality (Falconer & Mackay 1996: 343-344; Roff, 1997; Lynch & Walsh 1998: 271; DeRose & Roff, 1999; Cotton, Fowler & Pomiankowski, 2004; Roff & Emerson, 2006) . It should be noted, however, that the situation is different in traits under stabilizing selection selecting for reduced variation or in traits under disruptive selection selecting for high variation. In this case, a decrease in fitness as a result of inbreeding will be seen either as an increase or a decrease in trait variation (Falconer & Mackay 1996: 345-348) .
We work here with the above introduced principles that current changes in trait mean and trait variation as a result of inbreeding are inversely related to the direction and the mode of past selection. First, we test whether metabolic scaling is sensitive to inbreeding. If inbreeding causes increases in the effects of body mass on metabolic rate, this means that the less steep slope of metabolic scaling has been advantageous in the past. Second, we quantify, in more detail, how variation in metabolic rate, body mass, and their covariation might have been molded by selection, causing changes in metabolic scaling. Third, we estimate and discuss how much room there is for speculation concerning the ability of physiological constraints to modify metabolic scaling.
MATERIAL AND METHODS

MAINTENANCE OF THE LABORATORY POPULATION
Our population of Gryllodes sigillatus crickets was housed at the University of Jyväskylä, Finland, although it was originally initiated from 48 wild caught, gravid females from a large population at the campus of the University of Western Australia. A pedigree was maintained from the initiation of the population. Individuals have been kept under a 12 : 12 h light/dark cycle at 30°C with a relative humidity of 58%, with food (dried cat and rabbit food) and water available ad libitum. Study individuals at the eighth generation were collected at the earliest possible age of approximately 1 week and transferred to plastic containers for individual rearing with food and water ad libitum. Individual rearing was carried out to minimize common environmental effects.
MATING SCHEME
To assess inbreeding depression and heritability of the metabolic traits, we bred individuals to obtain varying inbreeding coefficients and relatedness. Within the first generations of our laboratory population, close inbreeding was avoided to maintain viability of the population. However, throughout the sixth and seventh generations, we mated individuals with their relatives to increase the variation in the coefficient of inbreeding between study individuals at the eighth generation. These individuals (N = 125 or 137) were from 17 full-sib families (family sizes varied between 1 and 31, with mean of 7.3). These individuals had inbreeding coefficients from 0.0442 to 0.1313, with mean ± SD of 0.0813 ± 0.0340. Inbreeding coefficients were obtained by pedigree viewer (http://www-personal.une.edu.au/~bkinghor/ pedigree.htm).
METABOLIC MEASUREMENTS
We measured the resting metabolic rate of weighed individuals an average of 8.5 (minimum 5, maximum 14) days after the final molt, when individuals are sexually mature. Age distribution was independent of the inbreeding coefficient, and all measurements were conducted during the day time at 30°C. Access to food was restricted 1 h before metabolic measurements. Unnatural physiological status as a result of longer fasting (Mappes et al., 1996; Kotiaho et al., 1998) might have jeopardized the other study aims: to link metabolic rate to physiological performance and behavior (Ketola & Kotiaho, 2009 . However, we are confident that short fasting, and thus differences in food eaten between inbred and non-inbred individuals, cannot explain our results away. Nespolo, Castaneda & Roff (2005) found 48% difference in the basal metabolic rate of fasted and nonfasted crickets nymphs. This is clearly smaller than the calculated 78% difference between two classes of inbred individuals (f = 0.05 and 0.11) and obtaining such difference as a result of voluntary fasting would have required non-inbred individuals to fast for more than 12 h, which is highly unlikely. Moreover, fasting has been found to affect juveniles sensu Nespolo et al. (2005) but not adults (Terblanche, Klok & Chown, 2005) as were used in the present study. However, this possible limitation for measuring 'pure' resting metabolism (Nespolo et al., 2005; White & Seymor, 2005 ) must still be kept in mind when interpreting our results; inbreeding may cause greater amounts of food to be eaten and/or a higher metabolic rate directly (Ketola & Kotiaho, 2009 ). Nevertheless, we argue that if metabolic rate or metabolic scaling is influenced by inbreeding, it should in any case be considered indicative of past selection, irrespective of whether or not our measurement can be taken as resting metabolic rate sensu stricto.
For metabolic measurements, incoming air with (30°C) was drawn by a pump through a respirometric system. First, air passed through a moisture absorbent and then through soda lime to remove CO 2. Next, the dry, CO2-free air was led to the measurement chamber (approximately 9 cm 3 ). Before entering the CO2-analyzer (LI-6252, Li-Cor), moisture was once again removed from the air. Steady 100 mL min -1 air flow through respirometric system was controlled by a mass flow controller (Sierra Instruments). The respirometric system was connected to a PC and data from the measurements were acquired and further analyzed by DATACAN V software (Sable Systems).
We measured and observed every individual for up to 30 min. The first 5 min, which we considered to represent the acclimation time, were excluded from the analysis. If the individual was active during the first 5 min, the time was extended until the individual had been non-active for 5 min, which happened always within 25 min. If the activity were not controlled, there could be a possibility that inbreeding could have caused higher activity resulting in biased metabolic rate measurements. However, in light of our published results, this appears to be highly unlikely because the measure of activity capacity (endurance) was lowered as a result of inbreeding (Ketola & Kotiaho, 2009) , and inbred individuals also had reduced sexual activity and a longer latency to court (Ketola & Kotiaho, 2010) . These results suggest that, if anything, inbreeding reduces activity. Resting metabolic rate (mL CO 2 h -1 ) was calculated as the mean CO2 production per unit time during a period of inactivity. The average time over which the mean resting metabolic rate was calculated was 6 min EFFECTS OF BODY MASS ON ENERGY USE 311
(5 min at minimum). The time used for measuring resting metabolic rate was not correlated with the estimates derived (Hayes, Speakman & Racey, 1992; Ketola & Kotiaho, 2010) .
STATISTICAL ANALYSIS
In all analyses, body mass and metabolic rate were log10-transformed. A regular regression analysis was used to explore the effect of inbreeding, body mass and their interaction on metabolic rate. Regions of significance in covariate-by-factor interaction were determined using the Johnson-Neyman procedure, implemented in SPSS, sensu Hayes & Matthes (2009) , and followed by the analysis of mean standardized values (Hendrix, Carter & Scott, 1982) . The log 10-transformation allows straightforward interpretation of linear model results concerning metabolic scaling. On a log-log scale, the metabolic scaling function has the linear form log(R) = log(a) + b log(M), where the scaling exponent b describes the effect of body mass on metabolic rate. A significant interaction between inbreeding and body mass reveals the effect of the inbreeding on the metabolic scaling exponent b. Note that, before the regression analysis, we confirmed that additive genetic or familial effects did not have a significant role on the estimates by animal model, allowing the use of ordinary regression analysis without a fear of bias as a result of non-independency of data points (Ketola & Kotiaho, 2010) .
Next, we explored how fitness (deduced from inbreeding depression) is determined by body mass, metabolic rate, their linear interaction, and their quadratic effects (Phillips & Arnold, 1989) . Accordingly, we performed inverse regression analysis (Moya-Laraño & Wise, 2007) in which the dependent and independent variables are reversed. This analysis explores how manipulated variation in the inbreeding coefficient is explained by phenotypic traits and their interactions, and thus is analogous to discriminant analysis (i.e. the 'inverse of multivariate analysis of variance') (Moya- Laraño & Wise, 2007) . We performed the analysis on standardized values with a mean of zero, standard deviation of one, and without an intercept, so that the results refer directly to partial correlations (Lande & Arnold, 1983) . Standard errors were obtained through bootstrapping and significance levels were obtained by two-tailed Z-tests. Because nonlinear selection can occur on a subspace of the original traits, linear regression analysis can underestimate the strength of stabilizing selection on traits. Thus, we also performed canonical analysis on the standardized quadratic and correlational selection gradients (Blows & Brooks, 2003) . However, in our case, the main axes of nonlinear selection corresponded well with the original traits (data not shown). Thus, the results of the canonical analysis are not discussed further.
RESULTS AND DISCUSSION
SELECTION FOR METABOLIC SCALING
In the linear regression analysis (b = regression coefficient) exploring the determinants of resting metabolic rate in male crickets, we found that inbreeding increased the resting metabolic rate (b = 8.257, SE = 3.296, P = 0.014), whereas body mass did not (b = 0.3708, SE = 0.4410, P = 0.402). However, body mass interacted with inbreeding (b = 11.058, SE = 5.022, P = 0.030) such that the effects of inbreeding on metabolic rate became significant in body masses above 0.211 g (-0.6753 log 10 mg) (Fig. 1) . This model explained 43.5% of the variation in logtransformed metabolic rate. In the case of the significant interaction, the main effects are directly interpretable only after centering the covariates to a mean of zero (sensu Hendrix et al., 1982) because, otherwise, the significance of the main effects is dependent on the value of the covariate (Engqvist, 2005) . Thus, we repeated a linear regression analysis with mean centered variables and their interaction, as suggested by Hendrix et al. (1982) . The resting metabolic rate increased as a result of inbreeding (b = 1.109, b = 0.208, P Յ 0.004), as well as a result of body mass (b = 1.291, b = 0.565, P < 0.001). Moreover, their interaction also had an effect on metabolic rate (b = 11.058, b = 0.151, P = 0.030).
These results suggest that high genetic quality is associated with a more gently sloped increase in metabolic rate with increasing body size. In addition, it appears that if individuals are large, inbreeding has a profound role on metabolic rate, whereas, in small individuals, it is not so apparent. Because inbreeding increased energy use, it is evident that high energy use is indicative of low quality, particularly in large individuals. Studies exploring the strength of selection on metabolic scaling are unexpectedly scarce and, to our knowledge, there are only two other studies in which this has been explored. First, in an experiment on Drosophila montana, we found that inbreeding manipulation by sib-sib mating resulted in inbreeding depression in metabolic scaling so that large inbred females had higher metabolic rate than non-inbred females (T. Ketola, M. Puurtinen, D. Mazzi and J. S. Kotiaho, unpubl. data) . The second is from the Colorado potato beetle, in which the onset of diapause behaviour, which is strongly related to the overwintering survival of individuals, was influenced by the relation of body mass to energy metabolism (Piiroinen et al., 2011) . Even if the evidence is still scarce, it is clear from these few studies that metabolic scaling can be affected by selection, and should be considered as an important evolutionary phenomenon. The strength of the inbreeding method utilized in the present study lies in the fact that inbreeding causes phenotypic differences in the direction that characterizes evolutionarily suboptimal individuals. Therefore, the method works without the need to know what the actual cellular mechanisms influencing the metabolic traits might be. However, the available evidence from insects suggests that inbreeding increases the expression of cellular maintenance and stress-related genes (Kristensen et al., 2005) and affects the metabolomic signature (Pedersen et al., 2008) , which may also underlie the changes in metabolic scaling.
Evolutionary changes in metabolic scaling require nonlinear selection that affects variances and covariances. This was studied with a reversed regression analysis, in which we explored whether inbreeding affects trait variances or covariances. First, we found that inbreeding was associated with high energy consumption, suggesting that long-term selection was linearly selecting for lower energy consumption. There was no evidence that body mass would have been under directional selection because it was not affected by inbreeding (Fig. 2A, Table 1 ). More importantly, there was a significant quadratic effect of inbreeding on metabolic rate showing that inbreeding also increased variation in resting metabolic rate, indicating past selection favouring average metabolic rates. We found no indication of nonlinear effects of inbreeding on body mass or and interaction between body mass and metabolic rate (Fig. 2B) .
In addition to strong inbreeding depression in metabolic rate, we also found evidence that inbreeding causes increased variation in metabolic rates. This might indicate that, in addition to past directional linear selection for lower metabolic rate, selection also favours average metabolic rates over either extreme. However, no clear selection (i.e. linear or curvilinear) was found on body mass. These results are in line with our previous findings (Ketola & Kotiaho, 2009) , in which body mass was found to harbour ample genetic variation and high heritability indicative of weak past selection. Metabolic rate, instead, had much smaller heritability, which is common for strongly-selected traits (Mousseau & Roff, 1987; DeRose & Roff, 1999) . Thus, the results of inbreeding depression indicate that body mass has not been the primary target of selection and, as such, is not likely to be the agent through which the metabolic scaling evolves (Weibel, 2002) . This is in stark contrast to the ideas of Kozłowski & Weiner (1997) who suggested that metabolic scaling results from body mass optimization. However, if anything, the selection for body mass tended to be disruptive (P = 0.10) ( Table 1) . Because inbreeding reveals deleterious recessive alleles, our method also allows an interpretation of the genetic background of metabolic scaling. Exploration of the nonlinear selection did not reveal significant interaction between metabolic rate and body mass on variation in inbreeding. This effectively means that inbreeding acts independently on body mass and metabolic rate (i.e. body mass and metabolic rate do not share the same harmful alleles), although, in combination with these independent effects, metabolic scaling is affected by inbreeding.
ROOM FOR EVOLUTIONARY CONSTRAINTS?
Although the effects of inbreeding on metabolic scaling indicate that metabolic scaling has a relation to individual genetic quality and thus to fitness, it does not directly mean that metabolic scaling is determined only by selection pressures. Therefore, we explored how much inbreeding changed the correlation between body mass and metabolic rate by calculating partial correlations. Inbreeding reduced the correlation between body mass and metabolic rate only from 0.614 to 0.574. Thus, it is evident that, although effects of inbreeding were significant on metabolic scaling, not very much of the metabolic scaling is explained by the inbreeding effects (note that this result is somewhat dependent on the degree of inbreeding, which was moderate, at most, in our case). In addition to inbreeding effects, genetic correlations can affect metabolic scaling. We were unable to estimate genetic correlation between body mass and metabolic rate accurately as a result of the rather small sample sizes for estimating genetic correlations (Ketola & Kotiaho, 2009 ) but, with a little calculus, it is evident that genetic correlations cannot have a substantial role on metabolic scaling; let us assume a very high (unrealistic) positive genetic correlation of 0.9, and take the observed phenotypic correlation (without effects of inbreeding) of 0.574, with heritabilities of 0.142 and 0.580 for metabolic rate and body mass, respectively (Ketola & Kotiaho, 2009 ). The residual correlation, approximated sensu Lynch & Walsh (1998; eqn. 21.12, p. 638) , still remains as high as 0.538. This exercise shows that, rather than being influenced by genetic correlation or inbreeding depression, most of the metabolic scaling is caused by some other factor or factors. The residual phenotypic correlation has been largely ignored in evolutionary studies because the emphasis clearly has been on determining the genetic correlations or comparing the direction and magnitude of phenotypic and genetic correlations (Lynch & Walsh, 1998) . Residual correlations are generally suggested to reflect environmental correlation as a result of environmental effects during development (e.g. resource availability or nonadditive genetic effects). Beyond this, very little is known about the determinants of residual correlation. This is unfortunate because selection acts on phenotypic variation and covariation and, if much of this variation is unknown or perhaps constrained to a certain direction, then evolution could be mostly determined (or short-circuited) by the unexplained residual variation (Wilson et al., 2006) . This also leaves a lot of room for consideration of the universal constraints that set up the metabolic scaling and thus affect evolutionary trajectories because perhaps the simplest explanation for the existence of a trade-off or a constraint is physiological of physical constraint (Gould & Lewontin, 1979; Blows & Hoffmann, 2005) .
CONCLUSIONS
Although the role of metabolic scaling in determining several important biological functions is often taken as a fact (Gillooly et al., 2001; Whitfield, 2004; Karasov & del Rio 2007) , many studies fiercely oppose this view (Agutter & Wheatley, 2004) . Given the controversy, it is unexpected how few studies actually have tried to explore selection on metabolic scaling, or on body mass and metabolic rate (Hayes & Connor, 1999; Jackson et al., 2001; Artacho & Nespolo, 2009; Boratynski & Koteja, 2009; Piiroinen et al., 2011) . Somewhat alternative to selection analyses, inbreeding depression has been used to resolve the evolutionary significance of many traits (Cotton et al., 2004:; Ketola & Kotiaho, 2009 . By utilizing this under-used approach, we have revealed that there has been strong positive directional selection on low energy use. Moreover, we found nonlinear effects of inbreeding on metabolic rate, and that body mass and metabolic rate do not appear to share the same harmful alleles. Furthermore, despite the fact that metabolic scaling indicated signatures of past selection, we also found that a large part of the positive phenotypic correlation between body mass and metabolic rate remains unexplained. Consequently, despite our results suggesting that natural selection plays a role, there is also room for constraints that may determine metabolic scaling and thus influence the possible evolutionary trajectories of this trait (Gould & Lewontin, 1979; Blows & Hoffmann, 2005; Futuyma, 2010) .
